and have a tendency to aggregate, indicating that formation of a second disulphide in the molecule is accompanied by denaturation of the structure. Reduction of oxidized thymus thioredoxin can be achieved by dithiothreitol or by NADPH and thioredoxin reductase representing a possible autocatalytic control mechanism.
Another major difference between the mammalian and the E. coli thioredoxin system is the properties of thioredoxin reductase. E. coli thioredoxin reductase has a subunit size of 33 000 and the native M , is 66 000 (Thelander, 1968) . In contrast, thioredoxin reductase from calf thymus or rat liver (Luthman & Holmgren, 1982) have a subunit size of 58000 and a native M , of 116000. Furthermore, the mammalian thioredoxin reductase has a broader substrate specificity and will in addition to thioredoxin-S, also reduce 5,5'-dithiobis-( 2-nitrobenzoic) acid (DTNB), vitamin K, and alloxan.
We have recently found a reactivity of the thioredoxin system with an element of great interest. Thus, sodium selenite is a substrate for calf thymus thioredoxin reductase, leading to massive oxidation of NADPH (S. Kumar & A. Holmgren, unpublished work) . The reactivity between thioredoxin reductase and selenite represents a novel interaction between selenium compounds and pyridine nucleotides of great potential interest. During these studies we also observed that thioredoxin rapidly reduced selenite (S. Kumar & A. Holmgren, unpublished work) . It has previously been known that selenite shows an interaction with glutathione, forming selenotrisulphides. The reactivity between selenite and the thioredoxin system may be of importance in explaining some of the actions of selenium. Since selenite has been shown previously to react with glutathione, relative contributions and reactivity of the thioredoxin and the glutaredoxin system with selenite is a matter for future experiments.
This investigation was supported by grants from the Swedish Cancer Society (96 I), the Swedish Medical Research Council, and Magnus Bergvalls Stiftelse.
Introduction
Protein disulphide-isomerase (PDI), an enzyme identified in a wide range of higher eukaryotes and found in great abundance in cells active in synthesis of secretory proteins, catalyses thiol: protein-disulphide interchange reactions (Hillson et a[., 1984) . The homogeneous enzyme in vitro has been shown to catalyse net protein disulphide formation, net protein disulphide reduction, or protein disulphide isomerization depending on the conditions, and is active towards a very great variety of protein substrates from small singledomain proteins such as bovine pancreatic trypsin inhibitor to multichain, multidomain proteins such as procollagen (Freedman et al., 1984; . A considerAbbreviations used: PDI, protein disulphide-isomerase; DTT, dithiothreitol; IAM, iodoacetamide; e.r., endoplasrnic reticulum. able body of evidence on the enzyme's cell and tissue distribution, on its developmental properties and on its subcellular location implies that the enzyme plays a part in the biosynthesis of secretory and cell-surface disulphide-bonded proteins (Freedman, 1984) . In this paper we consider data bearing on the mechanism of action of PDI and, in particular, evidence for a structural and functional homology with thioredoxin.
Early chemical studies on the active-site of protein disulphideisomerase
Protein disulphide-isomerase was first discovered in the course of study of protein folding in vitro, specifically the folding and reoxidation of reduced denatured ribonuclease to regenerate the active enzyme. This process occurs in good yield in vitro in appropriate conditions (pH 8.5, protein concentration 0.01 mg/ml) but is slow (f,!* 20-100 min depending on the oxidant employed) (Epstein et af., 1963) . This rate is at least an order of magnitude smaller than the rate inferred for folding of a complete translation product into a functional small protein in vivo and hence an enzymic catalyst of the process was sought. Several groups detected such an activity in microsomal preparations from tissues 623rd MEETING. CANTERBURY 97 active in the synthesis of disulphide-bonded proteins, such as liver and pancreas Venetianer & Straub, 1963; Kurup et al., 1966) .
Anfinsen's group purified the enzyme to homogeneity from bovine liver and on the basis of chemical modification data inferred the existence of an essential thiol in the sequence Cys-(Gly, His) (De Lorenzo et a/., 1966) . In other early work, Ramasarma's group studied the enzyme in rat liver microsomes, and from its sensitivity to inhibition by low concentrations of cadmium chloride and sodium arsenite, which have specific affinity for dithiol groups, inferred the existence of an essential dithiol (Kurup et al., 1966) . Subsequently we and others demonstrated stoichiometric inhibition of the purified enzyme by Cd2+ at very low concentrations, confirming the existence of an essential dithiol (Carmichael et al., 1979; .
On the basis of these findings, and the observation that the enzyme is a versatile catalyst of thiol : protein-disulphide interchanges it was possible to propose a general outline mechanism involving an active site redox-active disulphide/ dithiol couple, which could account for the enzyme's activity in catalysis of protein-disulphide formation, reduction and isomerization. In the course of catalysis the enzyme would form mixed disulphides with the protein substrate and would interconvert between the disulphide, mixed disulphide and dithiol forms.
Sequence homology between protein disulphide-isomeruse and thioredoxin
While work was in progress to substantiate and extend this general mechanism, the complete sequence of rat liver protein disulphide-isomerase was determined by Roth, Rutter and colleagues (Edman et al., 1985) . The sequence revealed some remarkable features (Fig. 1) . First, the polypeptide sequence of 489 residues displays obvious internal homologies; residues 1 -100 are 37% identical to residues 340-440, and residues 150-245 show strong homology to residues 250-345. Thus from sequence data alone the polypeptide comprises four recognizable domains in the order ah-h'-a' with additional residues between domains a and b and at the C-terminus following domain a' (Fig. la) .
Secondly, the sequences of the a and a' domains are surprisingly homologous to that of thioredoxin from Escherichia coli. The a and a' domains have been separately aligned with the thioredoxin sequence using the optimal alignment protocol of Barton (Barton & Sternberg, 1987) ; this gives 29 identities out of 100 residues for the alignments of both the a and a' domains separately with thioredoxin. Sequence homology with thioredoxin is most marked in the region around residue 30 (thioredoxin numbering) including the two Cys residues C-32 and C-35 which form the disulphide/ dithiol couple implicated in the electron-transfer functions of thioredoxin (Fig. 1 b) . Other regions of strong homology are around conserved Lys and Asp residues (K-57 and D-59 in thioredoxin numbering) and the stretch from residues 73 to 85 in thioredoxin numbering. The recently published human and bovine PDI sequences Yamauchi et al., 1987) confirm these homologies (Fig. 1 h) .
Stnictural homology between protein dtsulphide-isomerase and thioredoxin
The stretches of amino acid sequence which are strongly homologous between PDI and thioredoxin can be interpreted in terms of the published tertiary structurc of oxidized thioredoxin. The outstanding homologous region corresponding to thioredoxin residues 23-42 represents a strand of p-structure, (pZ, residues 22-29), a prominent loop on the surface of the molecule (30-35) which is closed by the disulphide bond between Cys-32 and Cys-35, and a subsequent a-helix ( a z , residues 35-49). Furthermore, the other two regions of high sequence homology presented in Fig. 1 ( h ) represent the sequences comprising strands of p-structure which flank the previously-mentioned strand Bz. Hence the regions of most obvious sequence homology between thioredoxin and PDI domains a and a' correspond to thc rcb' 'ions forming the core of the thioredoxin tertiary structure around the redox-active disulphide. This strongly suggests a high degree of structural homology. Indeed, one of us (L.R.) has successfully built complete models of the backbones of PDI domains a and a' based on the thioredoxin a-carbon coordinates. The modelling of domain a requires a deletion of two residues and an insertion of three residues elsewhere; the modelling of domain LI' requires separate insertions and deletions of two residues. All the modelled inscrtions and 
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Fig. 1. (a) Schematic domain striictiire of I'D1 polypeptide and (b) homology between I'D1 and thioredoxin ( a ) This schematic domain structure is based on Edman et al. (1985). ( b )
The most highly homologous regions within the rat (Edman et al.. 1985) and human PDI sequences are compared to the thioredoxin sequence (Holmgren, 1985) ; the bovine sequence (Yamauchi et al., 1987 ) is identical to the rat sequence in these regions. deletions fall in exposed loops linking regions of regular secondary structure, and all are remote from the active-site disulphide.
Homology between protein disulphide-isomerase and thioredoxin in active-site chemistry
We have previously demonstrated by chemical modification studies, that in homogeneous protein disulphide-isomerase, no free nucleophilic groups are accessible to modification by alkylating reagents, and the enzyme is not inactivated by treatment with such reagents. However, preincubation of the enzyme with a low molecular mass thiol compound such as reduced glutathione (GSH) or dithiothreito1 (DTT ), followed by alkylation leads to inactivation (Lambert & Freedman, 1984) . On the basis of these observations we proposed that the enzyme contains an essential disulphide/dithiol group which is present as the disulphide in the isolated enzyme in solution. We further showed that at pH 7.5 complete inactivation of the enzyme is attained when 2 mol of alkylating agent have been incorporated per PDI polypeptide and we proposed that this corresponds to alkylation of one Cys residue in each of the a and a' domains (Hawkins et a[., 1986) .
Analogous chemical modification studies have been reported for thioredoxin (Kallis & Holmgren, 1980) and in this case it was shown that at pH 7.5, the alkylation and inactivation result exclusively from modification of Cys-32. Modification of the second Cys residue, Cys-35, only occurred at higher pH and studies of the pH dependence of the modification and inactivation led to determinations of the pK for both residues. While Cys-35 has a standard pK of 9.0, Cys-32 was found to have the unusually low pK of 6.7; hence in the reduced form of thioredoxin at physiological pH, Cys-32 is in the thiolate (-S-) state and in consequence is a more powerful nucleophile than a conventional Cys residue in disulphide interchange reactions (Holmgren, 1985) .
We have now studied the pH dependence of the rate of inactivation of protein disulphide-isomerase resulting from alkylation by iodoacetamide in the presence of DTT. The .5 and 8.5 at O"C, and PDI activity was monitored over 0-25 min or 0-210 min depending on the rate of inactivation. Semilogarithmic plots of remaining activity versus time of reaction were linear in all cases, giving single pseudo first-order rate constants, from which second-order constants were determined. The variation of the second-order rate constant for PDI inactivation with pH is shown in Fig. 2 ; the results show that the essential group, the modification of which by IAM causes inactivation, has a pK of 6.7k0.2. At pH values above 8.5, PDI is inactivated in the presence of DTT even when no alkylating agent is present; we have not investigated this phenomenon in detail, but it has prevented us from determining the rate of inactivation by alkylation at higher pH values and hence from determining the pK of any other essential groups. Nevertheless, the exact correspondence between the pK of the essential groups in PDI determined here, and that of Cys-32 of thioredoxin points to a strong homology in chemical properties between the enzymes and, in particular, between their active-site disulphide/dithiol groups.
Hence in the reduced form of PDI the essential reactive thiol groups can be identified as residues Cys-35 and Cys-379 which are homologous in sequence and structure to Cys-32 of thioredoxin. The individual a and a' domains of PDI may therefore be conceived to act like thioredoxin in catalysis of thiol : disulphide interchange reactions. However, PDI is a dimeric enzyme which therefore contains four such domains with thioredoxin-like disulphide/dithiol couples; how these domains co-operate in catalysis of protein disulphide isomerization is not obvious and further structural information on the enzyme is essential before any reasonable model can be proposed. It is tempting to suppose that the domain structure of the protein permits segmental mobility so that the four active sites can move relative to each other, and hence be applied flexibly to a substrate containing multiple disulphide bonds. Similarly the roles of the b and b' domains in the function of PDI are completely obscure; although the thiol/disulphide chemistry of the thioredoxinlike active sites is clearly a vital feature of the enzyme's activity it may not be the whole story. The rate-determining thiol-disulphide interchange reactions in the formation of native disulphide-bonded proteins are all accompanied by conformational change and the ability to facilitate conformational change may be another feature of the operation of PDI (Creighton et al., 1980) .
Recent developments in the cell biology of protein disulphideisomerase
A number of recent findings emphasize the cell biological significance of PDI and draw attention to features of its structure other than the redox-active disulphide/dithiol group. We have shown by subcellular fractionation and studies on isolated microsomal preparations, that PDI is located within the lumen of the endoplasmic reticulum or associated with the luminal surface of the endoplasmic reticulum (e.r.) membrane (Lambert & Freedman, 1985) . This location is consistent with the existence of a classic translocational signal sequence inferred from the complementary (c)DNA sequence (Edman et al., 1985) . Now Koch and co-workers have shown that PDI is one of a small group of major proteins (termed reticuloplasmins) which are major residents of the e.r. lumen (Koch, 1987) . Two points are of particular interest. These proteins (including PDI) all bind Ca2 + , and hence probably play a significant part in cellular homoeostasis, where the reversible binding and uptake of Ca2+ by the e.r. is recognized as being of great importance.
Secondly, the synthesis of all these proteins is inducible by various stresses. We have shown that PDI in lymphocytes is induced by treatments which induce maturation and differentiation to antibody secretion (Paver et a[., 1987) ; it is clear that the mechanism and significance of the regulation of expression of the reticuloplasmins will be a fruitful field of study.
A further question of interest is how these proteins are retained within the e.r. since they possess conventional signal sequences and (presumably) are translocated across the e.r. at biosynthesis by the mechanisms employed for secretory proteins. Why are these proteins not secreted? Munro & Pelham (1986) noted that both PDI and another reticuloplasmin (grp78, BiP) had the same C-terminal tetrapeptide sequence, KDEL. They tested the hypothesis that this sequence was responsible for e.r. retention by deleting it from grp78 (and showing that the molecule was then slowly secreted) and by attaching it to the C-terminus of the secreted protein lysozyme (which was then retained within the e.r.). A number of controls make it clear that this Cterminal sequence plays a crucial role in retaining proteins within the e.r. lumen; the mechanism of this selection is not yet defined (Munro & Pelham, 1987) .
A most dramatic recent development in the cell biology of PDI is the demonstration by Myllyla, Kivirikko and coworkers that the B-subunit of the enzyme prolyl-4-hydroxylase, an a2/B2 tetramer which plays an important part in the post-translational modification of procollagen, is identical to PDI Koivu et al., 1987) . Thus PDI exists in two quite distinct forms of association within e.r. lumen, as homodimers and as tetramers with a-subunits of prolyl-4-hydroxylase, giving rise to enzymes with distinct catalytic activities. In most tissues, free PDI is in very considerable excess over prolyl-4-hydroxylase (50-fold in adult mammalian liver), but in tissues actively synthesizing procollagen such as chick embryo tendon and cartilage, PDI polypeptides are roughly equally distributed between the two (Kivirikko & Myllyla, 1980) . The role of the PDI subunits in the function of prolyl-4-hydroxylase remains to be established. The hydroxylation reaction is a complex process involving Fe3 +, 0, and 2-oxoglutarate, but the details of the electron transfer steps are not clear. It will be particularly interesting to establish (i) whether the redox active disulphide/dithiol group of the PDI subunits acts as an electron carrier in the mechanism of prolyl-4-hydroxylase, and (ii) whether lysyl hydroxylase and prolyl-3-hydroxylase, which have similar mechanisms, but dissimilar quaternary structures, contain regions of sequence homologous to PDI and thioredoxin.
